Abstract: In order to enhance the handling ability and mechanical properties of chelate-setting β-tricalcium phosphate (β-TCP) cement, various polysaccharides, such as sodium alginate, sodium dextran sulfate, sodium chondroitin sulfate, and chitosan (Chito GL and W10), were added to mixing solutions for cement preparation. When mixing solutions containing the above additives were used, the handling ability of all the cement pastes was improved compared with the case of pure water without polysaccharide. Among the examined cement specimens, the cement with the highest compressive strength (17.4 MPa) was obtained using Chito W10. Although the viability of cells co-cultured with cements fabricated using additives was less than that of the control and water on the first day, the number of cells increased until the fifth day. The addition of chitosan (Chito W10) into the mixing solution is promising in the fabrication of chelate-setting β-TCP cement with enhanced handling ability and mechanical properties.
INTRODUCTION
Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ; HAp) and β-tricalcium phosphate (β-Ca 3 (PO 4 ) 2 ; β-TCP) have been used as bioceramics for bone grafting. They are known to be biocompatible and osteoconductive materials. HAp is used clinically in the following forms: dense ceramics, porous ceramics, granules, and cements. In particular, HAp cements can be easily formed into the desired shape.
In general, calcium-phosphate cement (CPC) consists of two kinds of calcium-phosphate powders: acidic dicalcium phosphate dihydrate (CaHPO 4 •2H 2 O) and basic tetracalcium phosphate (Ca 4 O(PO 4 ) 2 ) 1 . These powders are mixed with suitable solvents, such as aqueous sodium hydrogen phosphate, to prepare cement paste. As a result, most CPCs consist of a HAp phase; thus, the cement is stable in a host body for a long time 2 .
One of the present authors and his coworkers have developed a novel CPC using inositol hexaphosphate (C 6 H 6 (OPO 3 H 2 ) 6 ; IP6) as a chelating agent 3, 4 . IP6 is found in wheat, rice, corn, and soybean 5 and has a strong chelating capability to calcium ion, for example, ethylenediaminetetraacetic acid (EDTA). This newly developed cement was fabricated by mixing HAp powders surface-modified with IP6 and suitable mixing solutions, and could be set by chelate-bonding of IP6.
We have also developed a novel biodegradable cement consisting of a β-TCP single phase based on our previous finding on the fabrication of HAp cement due to chelate-setting mechanism using IP6 3, 4, 6 . The β-TCP cement could be simply fabricated by mixing starting β-TCP powder surface-modified with IP6 and pure water 6 . However, the low handling ability and mechanical properties of β-TCP cement made it impossible for clinical use. We need to improve the handling ability and enhance the mechanical properties by changing the mixing solution. In order to improve the handling ability of cement paste, various additives are described in the literature, such as chitosan 7, 8 , hydroxypropyl methylcellulose 9 , carboxyl methylcellulose 9 , and sodium alginate 10 . The effect of the addition of sodium alginate (Alg), sodium dextran sulfate (Dex), sodium chondroitin sulfate (Chond), and chitosan (Chito GL and W10) on the handling ability and mechanical properties of β-TCP cement was examined in the present study.
MATERIALS AND METHODS

Preparation of the ball-milled β-TCP powder
β-TCP powder was purchased from Taihei Chemical Industrial Co., Ltd (Japan).
The as-received β-TCP powder was ground for 4 h using a planetary ball-mill (Pulverisette 6, Fritsch, Germany) to prepare the ball-milled β-TCP powder (hereafter, β-TCP-4h). The ball-milling conditions were as follows: a zirconia pot, zirconia beads with 10 mm in diameter, 10 g of β-TCP powder, 40 cm 3 of distilled water, and rotation rate of 300 rpm.
Surface modification of the ball-milled β-TCP powder with IP6 and its characterization 3000 ppm of IP6 solution was prepared using aqueous NaOH solutions (0.1 mol/dm 3 ) and adjusted to pH 7.3. The IP6 used was 50% phytic acid from Wako Pure Chemical Industries, Ltd. (Japan). 10 g of ball-milled β-TCP powder (β-TCP-4h) was added into the IP6 solution (400 cm 3 ), and then stirred at 400 rpm for 24 h. The slurry was freeze-dried for 24 h to prepare the β-TCP powder surface-modified with IP6 (hereafter, IP6/β-TCP-4h).
An X-ray diffractometer (XRD; MiniFlex, Rigaku, Japan), equipped with a CuKα radiation source, was used to measure the diffraction pattern of the powder. Data were collected in the range of 2θ = 10-50° with a step size of 0.04° and counting time of 4 s/step. The crystal phase was identified by means of the JCPDS reference patterns for β-TCP (#09-0169) and HAp (#09-0432).
The morphology of the powder was observed using a scanning electron microscope (SEM; JSM-6390LA, JEOL, Japan) at an accelerating voltage of 10 kV.
Preparation of IP6/β-TCP-4h cement paste and its evaluation
Six kinds of the mixing solutions with and without polysaccharides were prepared as given in Table 1 . Sodium alginate, sodium dextran sulfate, and sodium chondroitin sulfate were purchased from Wako Pure Chemical Industries, Ltd. (Japan). Daichitosan-coat GL (Chito GL) and daichitosan W10 (Chito W10) were received from Dainichiseika Color & Chemicals Mfg. Co., Ltd. (Japan). Chito GL was 10% low-molecular-weight chitosan dissolved in 1.4% lactic acid solution (pH 5.3). Chito W10 was 10% chitosan derivative dissolved in 5.0% lactic acid solution (pH 4.1).
To prepare the cement paste, IP6/β-TCP-4h powder was mixed with suitable amounts of mixing solutions at various powder/liquid (P/L) ratios (P/L= 1/0.45-1/0.55 [g/cm 3 ]). For compressive strength (CS) test, the resulting cement paste was packed in a cylindrical Teflon mold (6 mm in diameter and 12 mm in height) and kept at 37°C at 100% humidity for about 24 h. The CS test was performed on the cement specimens using a universal testing machine (Autograph AGS-J, Simadzu, Japan) according to JIS T6602. The crosshead speed was 0.5 mm·min -1 , and a load cell of 5 kN was used. Six cement specimens were tested to obtain the average value with the standard deviation. The relative density (RD) of the cement specimens was calculated from the bulk density divided by the theoretical density of β-TCP (3.07 g/cm 3 ).
To clarify the crystalline phase of the cement specimens after setting, the XRD pattern was measured as mentioned above.
The fracture surface of the cement specimen fabricated at P/L=1/0.50 [g/cm 3 ] was observed by SEM at an accelerating voltage of 10 kV.
For measurement of consistency, the cement paste was prepared as mentioned above. The resulting cement paste was evaluated according to JIS T6602 as follows. Glass plates (200 g) were placed on the cement paste (0.2 g) and the spread area was measured after 2 min.
The initial setting time was measured using a light Gillmore needle (113.4 g) according to JIS T6602. After preparation of the cement paste, the cement paste was packed in a plastic mold (8 mm in diameter and 2 mm in height). The setting time was measured at the desired period until the cement paste was set.
In vitro evaluation of IP6/β-TCP-4h cement specimens
In order to examine the cytotoxicity of the cement specimens, a cell-culture test of the IP6/β-TCP cement was performed. The cement specimens fabricated using Chond, Chito GL, and Chito W10 were chosen and sterilized by EOG gas. -61 -
The used cell was an osteoblast-like cell (MC3T3-E1). First, the MC3T3-E1 cells were seeded into 12 well tissue culture plates at a density of 6×10 4 cells/well and cultured for 1 day. The cement specimens were then set on a membrane of Transwell ® (Corning, USA) to culture the cells in a humidified 5% CO 2 balanced-air incubator at 37°C for 5 days. Cell proliferation was examined by counting using an erythro-cytometer. Figure 1 shows the typical XRD patterns of (a) commercially available β-TCP powder before ball-milling (hereafter, β-TCP-0h), (b) β-TCP-0h powder ball-milled for 4 h (β-TCP-4h) and (c) β-TCP-4h powder surface-modified with IP6 (IP6/β-TCP-4h). The XRD patterns of β-TCP-0h show a typical β-TCP single phase and high crystallinity (Fig. 1a) .
RESULTS AND DISCUSSION
Characterization of IP6/β-TCP powders
The XRD patterns of β-TCP-4h and IP6/β-TCP-4h also show the β-TCP single phase (Figs. 1b and c) . These results show that each powder maintains the β-TCP single phase even after ball-milling in water. Moreover, no changes in the crystal phases could be detected before and after surface modification with IP6.
To examine the particle morphologies of β-TCP-4h powder before and after surface modification, SEM observation was carried out. Figure 2 reveals that the particle morphology of the two powders is not influenced by the surface modification.
Preparation of IP6/β-TCP-4h cement paste and its evaluations
In order to evaluate the handling ability of cement paste, consistency of the cement paste was examined (Fig. 3) . The consistency of the cement paste using water was much higher than those of the cement pastes using mixing solutions containing various polysaccharides as additives. Difference in consistency among the P/L ratios could not be confirmed.
These results suggest that the consistencies of the cement pastes using mixing solutions containing additives have a higher viscosity than the cement pastes using water. Furthermore, when five types of additives in the present study were used, a cement paste with the same level of consistency could be obtained.
To improve the handling ability of cement paste, various additives are described in the literature, including chitosan 7, 8 , hydroxypropyl methylcellulose 9 , carboxyl methylcellulose 9 , and sodium alginate 10 . Sodium alginate and chitosan form a water-insoluble gel in the presence of calcium ion 7, 8, 10 . Sodium dextran sulfate and sodium chondroitin sulfate have functional groups such as a sulfate group and a carboxyl group in their structure, and they interact electrostatically with calcium ion 11, 12 . Thus, it is considered that when Alg, Dex, Chond, Chito GL, and Chito W10 were used for cement fabrication, formation of a water-insoluble gel or electrostatic interaction with calcium ion increased the viscosity of the cement pastes. As a result, the handling ability of the cement paste was improved. Next, the setting time of IP6/β-TCP-4h cement paste using Chito W10 was measured. The setting time of cement paste at P/L=1/0.50 and 1/0.55 [g/cm 3 ] was 8.0±1.0 and 20±1.0 min, respectively. Generally, the setting time is related to the P/L ratio; an increase of the P/L ratio shortens the setting time. As expected, the setting time of P/L=1/0.50 was shorter compared with that of P/L=1/0.55.
One of the problems of the conventional CPC is long setting time (30-60 min) 10 . The setting time of the cement paste prepared with Chito W10 was about 8 to 20 min, and this setting time might be short enough to apply in clinical use. Figure 4 shows typical XRD patterns of the IP6/β-TCP-4h cement specimens fabricated with water and the mixing solutions containing various polysaccharides as additives.
Evaluations of IP6/β-TCP-4h cement specimens
These cement specimens were fabricated at P/L ratio of 1/0.50 [g/cm 3 ]. The XRD patterns indicate that the β-TCP single phase was maintained after setting. The crystalline phase of β-TCP was not changed by the addition of five types of polysaccharides.
The relationship between the CS of the cement specimens and the P/L ratio is shown in Fig. 5 . The cement specimens were fabricated by mixing IP6/β-TCP-4h powder with water and mixing solutions containing various polysaccharides. The P/L ratios were 1/0.45, 1/0.50 and 1/0.55 [g/cm 3 ]. The CSs of typical cement specimens fabricated at a P/L ratio of 1/0.45 were as follows: 0.6±0.1 MPa (Water), 4.6±1.0 MPa (Alg), 3.7±1.1 MPa (Dex), 7.3±2.2 MPa (Chond), 10.4±1.7 MPa (Chito GL), and 17.4±1.8 MPa (Chito W10). The highest CS was 17.4±1.8 MPa (P/L=1/0.45) when Chito W10 was added (Fig. 3f) . The CS of the cement specimen fabricated using Chito W10 was significantly higher than that of cement specimen fabricated using water. Figure 6 shows the relationship between the CS and RD of the cement specimens. The RDs of the typical cement specimens at a P/L ratio of 1/0.45 [g/cm 3 ] were as following: 43.9±1.5% (Water), 45.9±1.4% (Alg), 47.8±1.7% (Dex), 49.2±1.4% (Chond), 50.5±0.8% (Chito GL), and 51.7±0.9% (Chito W10). The data plots in Fig. 5 indicate that CS tended to be enhanced with an exponential increase of RD in the cement specimens.
To examine the difference of RD among cement specimens, the microstructures of the fractured cement specimens were observed by SEM (Fig. 7) .
The typical IP6/β-TCP-4h cement specimens were fabricated at a P/L ratio of 1/0.50 [g/cm 3 ]. IP6/β-TCP-4h cement fabricated using water was composed of grains with a diameter of approximately 1-2 μm (Fig. 7a) .
In Figs. 7b-d, significant differences among the microstructures are not observed compared with that of water. In contrast, as shown in Figs. 7e and f, the surface morphologies of the grains slightly changed to rough compared with the smooth surface of grains in Figs. 7a-d .
The following two reasons are considered to explain the above observations.
The first is IP6/β-TCP-4h grains were covered with chitosan by forming a water-insoluble gel with calcium ion of IP6/β-TCP-4h particles. The second is the pH of Chito GL and W10 was 5.3 and 4.1, respectively, and the surface of IP6/β-TCP-4h particles slightly dissolved.
Generally, the changes of RD correlate with a change in packing density of the grains as shown in the SEM micrographs. However, the increase of RD as shown in Fig. 6 was not confirmed from the SEM micrographs. We calculated RD from bulk density divided by the theoretical density of β-TCP (3.07 g/cm 3 ). As the results did not take the specific gravity of additives into account, the changes in packing density of the grains might not be detected in SEM.
As mentioned above, sodium alginate and chitosan form a water-insoluble gel in the presence of calcium ion 7, 8, 10 . Sodium dextran sulfate and sodium chondroitin sulfate interact electrostatically with calcium ion 11, 12 .
Formation of the water-insoluble gel or electrostatic interaction with calcium ion enhanced RDs of the cement specimens. As a result, CS of the cement specimens is also enhanced. In particular, in the case of the cement fabricated using Chito GL and W10, the surface of IP6/β-TCP-4h particles was slightly dissolved by chitosan, and then chitosan might form water-insoluble gels with dissolved calcium ions. Therefore, the CS of cement specimens was higher than that of other additives.
In vitro evaluation of IP6/β-TCP-4h cement specimens
To examine the cytotoxicity of the cement specimens in vitro, a cell culture test using Transwell ® was performed (Fig. 8) . Cement specimens fabricated with water, Chond, Chito GL, and Chito W10 at P/L=1/0.20 [g/cm 3 ] were chosen. The number of cells co-cultured with the cement specimen fabricated with water increased at the same rate as the control (plate) (Figs. 8a and b) . In contrast, the number of cells co-cultured with the cement specimens fabricated with Chond, Chito GL, and Chito W10 decreased on the first day (Figs. 8c-e) . However, the number of cells then gradually increased until the fifth day. These results suggest that the cement specimens fabricated with additives (Chond, Chito GL, and ChitoW10) affect the viability of cells.
Some authors have reported that a chitosan is a biocompatible polysaccharide 13, 14 .
In the cell culture tests using Chito GL and W10 (Figs. 8d and  e) , however, the cement specimens slightly showed cytotoxicity on the first day. These may be due to the slight elution of lactic acid in Chito GL and W10 on the first day and following the decrease in pH. It should be considered that the decrease of the number of cells is within an allowance, because the number of cells gradually increases until the fifth day.
CONCLUSION
In order to examine the effect of mixing solution on the handling ability and mechanical properties of β-TCP cement, we used six types of mixing solutions with and without polysaccharides for cement fabrications. When mixing solutions containing additives were used, the handling ability of all the cement pastes was improved. Among the examined cement specimens, the cement with the highest CS (17.4 MPa) was obtained using Chito W10. The setting time of the cement pastes using Chito W10 was 8 min. Although the cell viability co-cultured with the cement specimens using additives was less than that of the control and water on the first day, the number of cells gradually increased until the fifth day.
In conclusion, the chelate-setting β-TCP cement with enhanced mechanical properties and improved handling ability using Chito W10 is promising for clinical use.
